A novel vacuum ultraviolet excimer lamp emitting light at 193 nm was used to investigate the degradation of organic micropollutants in ultrapure water and wastewater treatment plant (WWTP) effluent. Overall, light at 193 nm proved to be efficient to degrade the investigated micropollutants (diclofenac, diatrizoic acid, sulfamethoxazole). Experiments with WWTP effluent proved the ability of radiation at 193 nm to degrade micropollutants which are hardly removed with commonly used oxidation technologies like ozonation (diatrizoic acid, ethylenediaminetetraacetic acid, perfluorooctanoic acid, and perfluorooctanesulfonic acid).
INTRODUCTION
For a couple of years attention has been paid to organic substances present in low concentrations in wastewater. These anthropogenic micropollutants belong to different groups of compounds like pharmaceuticals, pesticides, flame retardants, complexing agents, personal care products etc. They are mainly emitted to the aquatic environment via combined sewer overflows, agricultural run-offs and wastewater treatment plants (WWTPs) and can be harmful to aquatic organisms as they are often persistent, bioaccumulative and toxic (Triebskorn et al. ; Mompelat et al. ) . Conventional WWTPs generally lack techniques to efficiently remove micropollutants from wastewater (Joss et al. ) . Additional technologies to eliminate micropollutants from water are therefore investigated. These are mainly filtration with activated carbon or oxidation with ozone (Reungoat et al. ; Gerrity et al. ) . Despite the application of these additional techniques, there are micropollutants which are hardly or not at all affected by these processes (Ternes ) .
Advanced oxidation processes (AOPs) are able to chemically convert a wide range of micropollutants in wastewater by generating highly reactive OH radicals. Therefore, they are considered for wastewater treatment when the focus lies on high treatment goals like the reduction of micropollutants (Vogelpohl ) . Several AOPs use ultraviolet (UV) light to initiate the generation of OH radicals. UV-light based AOPs can be classified into AOPs for photooxidation (O 3 /UV, H 2 O 2 /UV), photocatalysis (TiO 2 /UV, H 2 O 2 /Fe 2þ /UV) and water photolysis (Oppenländer & Gliese ) . For photooxidation and photocatalysis UV-C-light (200 nm < λ < 280 nm) is most frequently used, while vacuum UV (VUV)-light (100 nm < λ < 200 nm) is used for water photolysis.
During photooxidation the actual purpose is the generation of OH radicals to chemically convert organic substances. Nevertheless, several micropollutants can be converted directly by UV-C radiation (Pereira et al. ; Canonica et al. ; Schulze-Hennings & Pinnekamp ) . During water photolysis OH radicals are generated based on the homolysis of water by VUV irradiation. This is because water strongly absorbs light with wavelengths beneath 200 nm ( Jakob et al. ) . Consequently the radiation is limited to very short path lengths, resulting in high local concentrations of OH radicals (Heit & Braun ) . In contrast to AOPs for photooxidation, no additional oxidant is needed for water photolysis to generate OH radicals.
The main drawback of water photolysis is the very short penetration depth of VUV light into water, inhibiting its use for large scale applications. Light at 172 nm, which is mainly used in VUV applications, is totally absorbed by water at a depth of 0.0036 cm (Oppenländer ) . As the absorption coefficient of water drops steeply from approximately 550 cm À1 at 172 nm to approximately 0.2 cm À1 at 190 nm (Weeks et al. ) , a lamp emitting wavelengths between 172 nm and 200 nm can promote the homolysis of water within further distances from the lamp surface and therefore enforce the applicability of water photolysis.
In this work, a phosphor converted excimer lamp emitting light at 193 nm was used for water photolysis. It was tested if the degradation of micropollutants by water photolysis in ultrapure water can be improved by using a lamp emitting a wavelength which penetrates deeper into water than light at 172 nm but still is capable of water photolysis. Moreover, the ability of radiation at 193 nm to degrade micropollutants in WWTP effluent was tested.
METHODS

Materials
Experiments were conducted with organic substances diluted in ultrapure water and with water from a secondary clarifier of a municipal WWTP.
The organic substances which were diluted in ultrapure water were diclofenac (diclofenac ratiopharm 75 mg/2 mL, ratiopharm, Germany), diatrizoic acid (Gastrografin 100 mL, Bayer Vital, Germany) and sulfamethoxazole (Sigma-Aldrich, USA). Moreover, para-chlorobenzoic acid (pCBA) and tert-butanol (tBuOH) were used and purchased from Sigma-Aldrich, USA.
The water from the secondary clarifier of a WWTP was collected with a pump, filled into an intermediate bulk container and stirred. It was then transferred into bottles with a volume of 3 L, which were stored at À20 W C. Prior to the experiments the corresponding amount of water needed was defrosted overnight. The chemical oxygen demand of the water used for the experiments was 20 mg L À1 , total organic carbon concentration was 7.7 mg L À1 , dissolved organic carbon (DOC) concentration was 6.5 mg L À1 and alkalinity was 4.7 mmol L À1 . No additional spiking was undertaken.
Experimental set-up A batch reactor system consisting of an aerated and stirred glass tank (0.45 L irradiated volume), a pump (0.5-1.7 L min À1 ) and a glass reactor equipped with an excimer lamp was used. The lamp was placed in the centre of the cylindrical reactor. The distance from the surface of the lamp to the inner wall of the reactor was 1.6 cm. The solution (3.5 L total volume) was continuously recirculated with the pump and aerated with pure oxygen (200 L h À1 ). The aeration was switched off for experiments with WWTP effluent. Samples were taken at different irradiation times from the glass tank. A scheme of the set-up is shown in Figure 1 . A xenon excimer lamp (Philips Research, The Netherlands) was used. The lamp emitting light at 172 nm consisted of a cylindrical quartz tube (17 mm outer diameter). The active lamp length was 200 mm. The lamp made use of a fluorescent layer inside the bulb, converting 172 nm radiation of the xenon excimer discharge into 193 nm. The lamp had an electrical input power of approximately 20 W.
Analytical methods
High-performance liquid chromatography followed by electrospray ionisation and high resolution mass spectroscopy (MS) were used to detect substances in ultrapure water (LTQ-Orbitrap, Thermo Electron, USA). Diatrizoic acid and iopamidol were enriched from WWTP effluent by solid phase extraction (SPE) with a Zymark Autotrace SPE workstation. SPE was conducted with ENV þ polystyrene-divinylbenzol polymer SPE cartridges (200 mg). Liquid chromatography (LC) and high resolution MS were used to separate and detect the substances (Orbitrap, Thermo Electron). A hypersil gold phenyl column (Thermo Electron) was used with an injection volume of 10 μL. Quantification was done in highresolution selected ion monitoring mode and identification was conducted by parallel recording of the MSMS-spectra.
For perfluorooctanesulfonic acid (PFOS) and perfluorooctanoic acid (PFOA) the procedure has been described elsewhere (Gebhardt & Schröder ; Schröder et al. ) . In short, SPE cartridges (3 mL) filled with 60 mg of Oasis HLB material from Waters (Milford, USA) were used. LC separation was carried out with Betasil C18 column (Thermo Fisher Scientific, USA). An LTQ Orbitrap MS (Thermo Electron) was used for research.
For ethylenediaminetetraacetic acid (EDTA) detection 2 mL of a 1.2-propylenediaminetetraacetic acid solution was added to the sample as internal standard. After drying, the residue was collected with 10 mL hydrochloric acid (1 mol L À1 ). It was dried at 90 W C under nitrogen. The residue was treated with 2 mL esterification reagent and dried for 30 min. Once it was cooled down, 1 mL of the standard was added. Then 1 mL NaOH (1 mol L À1 ) and water were added. After phase separation the hexane extract was removed and transferred into a 0.4 mL vial. Gas chromatography was conducted with a HP 6890 and a CTC A 200 S auto sampler at a flow rate of 1 mL min À1 . For MS a Finnigan MAT 95 XL was used. Absorption was measured with a UV/Vis spectrophotometer (Lambda 25, Perkin Elmer, USA).
RESULTS AND DISCUSSION
Degradation mechanism
Due to the high absorption coefficient of water at 172 nm, direct photolysis at this wavelength can be neglected as a degradation mechanism for organic substances (Azrague & Osterhus ) . Degradation of substances with light at a wavelength of 172 nm happens only due to radical formation by water photolysis (Oppenländer ) . At 193 nm photolysis may not be neglected, as the absorption coefficient of water is lower than at 172 nm. Assuming an absorption coefficient of 0.2 cm À1 for water at 193 nm (Weeks et al. ) , the penetration depth of light for 90% absorption becomes 10 cm. Additionally, all investigated organic substances absorb light at 193 nm. Direct photolysis may therefore contribute to the degradation of substances at 193 nm.
The degradation of organic substances by radiation at 193 nm depends on OH radical oxidation and on photolysis. Experiments were conducted with pCBA as it is possible to calculate the concentration of OH radicals produced by VUV (Rosenfeldt & Linden ; Kutschera et al. ) . The rate of degradation of pCBA can be described with Equation (1) (Rosenfeldt & Linden ) .
Here k 0 is the pseudo first-order rate constant depending on photolysis (k 0 d ) and degradation by OH radicals (k 0 i ). In order to distinguish whether photolysis or OH radicals are responsible for the degradation of organic substances, experiments were carried out with tBuOH as scavenger for OH radicals (Kutschera et al. ) . To evaluate the impact of scavenging of OH by tBuOH, the second-order rate constants of tBuOH (k OH,tBuOH¼ 6 × 10 8 M À1 s À1 , Buxton et al. ) and pCBA (k OH,pCBA¼ 5 × 10 9 M À1 s À1 , Rosenfeldt & Linden ) were multiplied by their corresponding concentrations (Equation (2)).
In Equation (2) r OH determines the ratio of impact on OH radical scavenging by pCBA and tBuOH. High values for r OH indicate that OH radicals are mostly scavenged by pCBA. In order to further determine the influence of absorption by tBuOH, the molar absorption coefficients at 193 nm for tBuOH (ε tBuOH, 193nm ) and pCBA (ε pCBA,193nm ) were calculated, leading to 9 M À1 cm À1 and 34,282 M À1 cm À1 , respectively. The impact of absorption of radiation at 193 nm by tBuOH was determined by comparing the absorption coefficient of tBuOH (a tBuOH,193nm ) with the absorption coefficient of pCBA (a pCBA,193nm ) (Equation (3)).
In Equation (3) r a determines the ratio of absorption coefficients of pCBA and tBuOH. High values indicate that light at 193 nm is mainly absorbed by pCBA. Figure 2 shows the result from the experiments with pCBA and tBuOH. pCBA is degraded by 193 nm in the absence of tBuOH. With increasing tBuOH concentration the degradation of pCBA decreases until there is no pCBA degradation at a tBuOH concentration of 10 mM. At a tBuOH concentration of 10 mM all OH radicals produced by water photolysis are consumed by tBuOH, characterised by a low value of 0.004 for r OH . Likewise, radiation at 193 nm is absorbed by tBuOH, indicated by a low value of 1.9 for r a . Therefore, neither OH radicals nor photolysis were able to degrade pCBA. At a tBuOH concentration of 0.1 mM, r OH and r a become 0.4 and 190, respectively. In this case OH radicals may have also been consumed by pCBA, which corresponds to the findings in Figure 2 , as degradation of pCBA is only slightly different from degradation of pCBA with no tBuOH. At a tBuOH of 1 mM, r OH and r a become 0.04 and 19, indicating that OH radicals are mainly consumed by tBuOH and that radiation is mainly absorbed by pCBA. Therefore, it is concluded that at a concentration of tBuOH of 1 mM, degradation of pCBA is exclusively caused by photolysis.
Formation of OH radicals by radiation at 193 nm
As described, pCBA degradation in the absence of tBuOH is assigned to photolysis and OH radicals, represented by k 0 , and at a tBuOH concentration of 1 mM pCBA degradation is assigned exclusively to photolysis, represented by k 0 d . Therefore, k 0 and k 0 d (Equation (1)) are gained from the results shown in Figure 2 . It should be noted that the measured first-order rate constants (k 0 m ) depend on the retention times of the whole system (τ tot ), the reactor (τ R ) and the tank (τ T ). In order to be able to compare the measured rate constants with other rate constants, Equation (4) can be used to calculate the effective pseudo first-order rate constant (k 0 ) of the reactor (Sörensen ).
Using Equation (4) yields k 0 ¼ 0.59 min À1 and k 0 d ¼ 0.10 min À1 for the pseudo first-order rate constants for pCBA degradation. Inserting the gained values into Equation (1) leads to k 0 i ¼ 0.49 min À1 , indicating that pCBA degradation with irradiation at 193 nm is mainly caused by OH radicals. Knowing k 0 i , it is possible to calculate the steady state concentration of OH radicals (Equation (5); Rosenfeldt & Linden ).
This leads to [OH] ¼ 1.63 × 10 À12 M, which is in good accordance with other studies (Kiwi et al. ) .
This evaluation of the absorbance of pCBA at 235 nm ( Figure 2 ) might lead to misinterpretations due to transformation products influencing the absorption. Therefore, the experiments were repeated by evaluating the concentration of pCBA (Figure 3) . The measured first-order rate constant gained by these experiments is in good accordance with the measured first-order rate constant gained by evaluating the absorbance at 235 nm. This indicates that the applied method to calculate the measured rate constants was suitable.
Elimination of micropollutants in ultrapure water with radiation at 193 nm
The ability of AOP systems to degrade pharmaceuticals has been reported previously (Ravina et al. ; Lopez et al. ) . In order to test the ability of radiation at 193 nm to degrade micropollutants, experiments with different organic substances in ultrapure water were conducted. Figure 4 shows the results including the measured pseudo firstorder rate constants. Radiation at 193 nm was able to degrade the tested substances. The measured pseudo first-order rate constants for diclofenac and sulfamethoxazole are twice as high as the one for diatrizoic acid. The resulting lower degradation for diatrizoic acid corresponds to its lower rate constant for OH radicals (k OH,diatrizoic acid ¼ 5.4 × 10 8 M À1 s À1 , Real et al. ) compared with the rate constants of diclofenac and sulfamethoxazole (k OH,diclofenac ¼ 7.5 × 10 9 M À1 s À1 , k OH,sulfamethoxazole ¼ 5.5 × 10 9 M À1 s À1 , Huber et al. ).
Conductivity increased throughout the experiments, indicating the split-off of ions (Vogna et al. ) . During experiments with diatrizoic acid the conductivity increased from 3 to 21 μS cm À1 (radiation at 193 nm) and from 2 to 16 μS cm À1 (radiation at 172 nm). Moreover, the absorption peak of diatrizoic acid shifted from around 240 nm to the absorption peak of iodine at 225 nm. Apparently iodine was released as irradiation with UV light causes the splitting of the iodine-carbon bonds (Sprehe et al. ) . No further identification of degradation products was conducted to further investigate this effect. In general, it must be noted that a photolysis of organic substances can lead to the formation of reaction intermediates which are more harmful than the parent compound. The findings together with the results shown before indicate that the high degradation of the investigated parent compounds with radiation at 193 nm is due to the high penetration depth of radiation at 193 nm into water and the additional effect of photolysis of organic substances.
Elimination of micropollutants in WWTP effluent with radiation at 193 nm
In order to prove the applicability of radiation at 193 nm for the removal of micropollutants, experiments with WWTP effluent were conducted. Special attention was given to iodinated X-ray contrast media, perfluorinated compounds and EDTA, as these substances are hardly converted by techniques commonly used to eliminate micropollutants like ozone or activated carbon (Rodríguez et al. ; Ternes et al. ; Yang et al. ; Seitz et al. ; Schröder et al. ) .
For all investigated substances except PFOA, high elimination rates of the parent compound of more than 90% were achieved (Table 1 ). The initial concentration of PFOA was already low. Therefore, no high degradation rates were achieved. Moreover, for one experiment a higher concentration of PFOA was measured in the treated sample than in the initial sample, which might be caused by contamination of the treated sample with impurities. The parent compounds of the investigated X-ray contrast media were nearly completely removed by the experiments ( Overall, the combination of radiation at 193 nm and production of OH radicals is efficient to degrade X-ray contrast media, perfluorinated compounds and EDTA in WWTP effluents. The findings indicate that the rather high penetration depth of radiation at 193 nm makes it possible to treat even water with high absorbance.
CONCLUSIONS
The application of radiation at 193 nm for removal of micropollutants was investigated. All tested micropollutants could be degraded with VUV at 193 nm. This is because the penetration depth of light at 193 nm into water is rather high compared with the penetration depth of light at 172 nm, which is usually used for VUV. Moreover, most organic substances absorb light strongly at 193 nm, which favours their direct photolysis. Organic substances which are difficult to degrade with common techniques for removal of micropollutants, like ozonation, can be degraded by VUV at 193 nm to their LOQ. These findings make it interesting to further develop lamp systems emitting radiation at 193 nm for water based applications.
